To study the effects on the fetus of variations in maternal glucose tolerance, a 25 g rapid intravenous glucose tolerance test was performed at or about 32 weeks gestation in 917 randomly selected nondiabetic women with singleton pregnancies. The results were withheld from the patients and their obstetricians and paediatricians, and no treatment or advice was offered. Fasting plasma glucose and indices of glucose disposal (including a new index which we have termed "summed glucose") were distributed unimodally, with no evidence of a separate pathological group towards the diabetic end of the distributions. Significant associations were found between maternal glucose metabolism and various measures of neonatal nutrition and morbidity, including the incidence of congenital malformations and morbidity related to asphyxia, suggesting that variations within the normal range in maternal glucose metabolism can influence growth and development in the fetus. These relationships were continuous throughout the range of maternal glucose tolerance and were not of predictive value in individual cases.
Although diminished glucose tolerance during pregnancy is associated with increased birthweight and increased neonatal morbidity, including an increased incidence of congenital malformations [1, 2] it is not known if there is an identifiable degree of maternal glucose intolerance or of fasting hyperglycaemia beyond which fetal well-being is predictably compromised, nor if in the nondiabetic pregnant woman the disposal of intravenously administered glucose is distributed unimodally, or bimodally due to the presence of a pathological group with "impaired glucose tolerance".
The present study of a pregnant population unselected except for the exclusion of diabetic women and twin pregnancies was designed to investigate the relationships between maternal glucose metabolism and fetal outcome, and to define the distribution of normal values during pregnancy for fasting plasma glucose (FPG) and glucose tolerance as assessed by the intravenous glucose tolerance test. The intravenous test was chosen for this study because it gives results which reflect glucose disposal in numerical indices [3, 4] which have been applied widely during pregnancy [3, [5] [6] [7] [8] [9] [10] [11] [12] and which are readily applicable to epidemiological re-
Subjects and methods

Ethical considerations
Before the study was started, a detailed protocol was submitted to and approved by the Joint Ethical Committee of Grampian Health Board and the University of Aberdeen.
Patients studied
Of 1848 Caucasian women who were approached at their initial visit to the antenatal clinic at Aberdeen Maternity Hospital, the only obstetrical facility in the city of Aberdeen, 937 consented to participate in the study. After excluding 10 twin pregnancies and 10 patients who for various other reasons failed to comply with the study protocol, 917 patients finally attended for an intravenous glucose tolerance test at as near to 32 weeks gestation as practicable. With the agreement of the entire specialist staff of the Hospital, the results of the tests were not made available to the patient nor to the responsible obstetrician or paediatrician and therefore, could not influence maternal diet or the clinical management of the mother or her baby.
Although no prospective attempt was made to ensure that the mothers approached were representative, the women who participated in the study were broadly similar to the population from which they were drawn (i. e. all patients from the city of Aberdeen delivering in Aberdeen Maternity Hospital during the study period) in terms of maternal age, parity, mode of delivery and perinatal mortality after the 32nd week of pregnancy (i.e. after the gestation when the ~,lnco,~e tolerance test was performed). There was a sli~,ht over-representation of upper socio-economic groups in the study group, inevitable in a study requiring patient interest, time and cooperation.
Maternal clinical data
Height was measured at the first antenatal visit. Weight was measured at each visit in a standard hospital gown and, where necessary, weight at 20 weeks gestation (for use in statistical analyses involving maternal weight) was calculated by extrapolation. Socio-economic group was determined as far as possible by the husband's or putative father's occupation [13] .
Assessment of maternal glucose metabolism
The technique of glucose tolerance testing was identical to that described previously [10] ; the rate of glucose disposal during the first hour after the intravenous administration over 3 rain of 25 g glucose was expressed as the rate of fall of the difference between actual capillary plasma glucose and FPG (Increment Index, II) [14] and as the rate of fall of the absolute glucose concentration (Absolute Index, AI) [4] . Impaired glucose tolerance is therefore reflected in low values for II and AI.
All available plasma glucose results are used in the calculation of AI. Because plasma glucose commonly falls below the fasting level resulting in a "negative increment" which renders log transformation impossible (noted in 35% of cases in the present series), and because log transformation of small numbers magnifies scatter, II is calculated only from that part of the curve in which all plasma glucose values exceed an arbitrary value of 1.1 mmol/1 above fasting.
AI and II were calculated both graphically [8] and by the least squares method. The Pearson correlation coefficient between II calculated by least squares and II calculated graphically was 0.99; the mean difference between the two values was 0.01% per rain (SD 0.2).
The corresponding values for AI were 0.98 and 0.25% per rain (SD 0.08). All further data are based on graphical calculation of the two indices.
Where available, the sum of all the glucose values, including the FPG but excluding the 4 rain value, has been used to approximate the area under the intravenous glucose tolerance test (IVGTI) curve; we have termed this index the "summed glucose".
To assess maternal insulin response to injected glucose [15] , immediately following completion of the injection of glucose (i.e. 3 rain after the start of the injection) blood was drawn from the contralateral arm and plasma separated and stored at -20 ~ for subsequent batch analysis of insulin by radioimmunoassay.
Assessment of neonatal nutrition
Gestational age was calculated from the date of the first day of the last menstruation supplemented in cases where the menstrual data were considered unreliable by ultrasound scan in early pregnancy. Birthweight was measured unclad within the first 2 h of life. Birthweight standard deviation score [16] was calculated from gestational age, birth rank and sex but was not corrected for maternal stature. Mid-thigh skinfold thickness, was measured using Holtain calipers (Holtain Ltd, Crosswell, Crymmych, Dyfed, UK) and corrected for sex and birthweight [17] . Length was measured with a calibrated measuring board and occipitofrontal circumference with a disposable paper tape measure.
Assessment of potential neonatal morbidity
Potential neonatal morbidity, identified by review of the clinical records, was classified under the following headings:
Congenital anomalies. Minor (deviations from normal requiring no treatment and causing no inconvenience). Moderate (producing significant inconvenience or disability or requiring treatment). Severe (causing major handicap or death). Disorders transmitted by simple Mendelian inheritance (e.g. sickle cell disease, haemophilia) were excluded from the statistical analysis of congenital anomalies; an infant with arthrogryposis multiplex congenita, a disorder which, although sometimes inherited, is more often sporadic, was included in the statistical analysis.
Jaundice. Serum bilirubin in excess of 250 ~tmol/1. Two infants who were stillborn and a third infant who died during the first hour of life were excluded from analysis of jaundice.
Transient tachypnoea. Self-limiting respiratory distress of more than Low plasma glucose. Laboratory plasma glucose < 2 retool/l, either on sample taken at 1 h of age as part of study protocol, or subsequently on sample taken for clinical reasons; this value was chosen as it is used locally as the criterion for incipient neonatal hypoglycaemia.
Sepsis. Minor (superficial lesions which, in the opinion of the attending paediatrician, did not require systemic antibiotic treatment). Suspected severe (antibiotics administered on a speculative basis because of strong clinical suspicion of sepsis, sepsis not subsequently proven on culture). Severe (confirmed diagnosis of systemic infection).
Birth asphyxia. Apgar score < 4 at 1 rain or < 7 at 5 rain, and/or laboratory evidence of severe intrapartum asphyxia (base excess < -11 retool/1 at age I h).
Morbidity. The presence of any of the above.
Admission to special care baby unit. Any admission regardless of reason or duration.
Statistical analysis
The data were analysed using the Statistical Package for Social Sciences [18] . Missing data, particularly skinfold measurements which were performed only if one specified observer was available, are presumed to have occurred randomly, and we have analysed all available data, rather than restricting our analyses to those cases in which data were complete; numbers available for analysis are shown in parentheses in the Tables. The distributions of FPG, AI and II were appreciably skew and a natural logarithmic transformation was therefore applied prior to statistical analysis. Ninety-five percent confidence intervals were calculated using the method described by Gardner and Altman [19] , and are presented graphically.
Results
The relationships between the indices of maternal glucose metabolism together with other factors which might be expected to influence neonatal nutrition, and various neonatal measurements are presented as Pearson correlation coefficients in Table 1 . It can be seen that there are numerous statistically significant correlations between the indices of maternal glucose metabolism and infant size. AI correlates more consistently with infant size than any of the other maternal variables, but in general the correlation coefficients are of low magnitude and attain statistical significance only through the large number of cases studied. The stron- gest of these associations, that between maternal AI and birthweight standard deviation score (SDS), is shown graphically in Figure 1 . It is clear from this figure that birthweight SDS varies with AI across its entire range; there is no evidence of a "pathological" group at the "diabetic" end of the spectrum. Similar features were noted when the other correlations were examined graphically. Because maternal height, weight, age and parity are mutually interdependent variables, partial correlation coefficients relating these variables to the indices of maternal glucose metabolism and to neonatal nutrition were calculated; no significant change in the pattern of correlation was found.
The differences in the mean values of the maternal glucose tolerance indices between groups where specific forms of potential or actual morbidity were "pre- Numerator=number of cases with morbidity; denominator=num-ber of cases in group without morbidity. SCBU-Special Care Baby Unit sent" or "absent" are shown in Figure 2 . The 95% confidence intervals of these differences are indicated by error bars. The polarity of the error bar has been adjusted in each case so that a positive excursion reflects increased morbidity at the "diabetic" end of the spectrum of the index of maternal glucose handling, and the scale chosen is in proportion to the SD of the mean of the maternal index concerned. It can be seen that FPG and insulin response failed to predict morbidity in the infant. When the other indices (i. e. those which describe glucose disposal during the IVGTT) were examined, there was on average poorer glucose disposal among the "affected" group in almost all the morbidity categories examined, although only in some instances did this reach statistical significance. Summed plasma glucose (reflecting the area under the curve) appeared to be more strongly associated with morbidity in the infant than either II or AI. Figure 3 illustrates the relationship between congenital abnormality and summed plasma glucose. The association extends across the entire range of summed plasma glucose, and in common with all the other relationships examined is not restricted to a discrete "pathological" group at the "diabetic" end of the normal spectrum.
The associations between maternal glucose metabolism and neonatal nutritional status and morbidity were also examined in subgroups defined on the basis of maternal weight, age, parity and smoking habit; no Fig. 2 . Ninety-five percent confidence intervals for the differences in means between "pathological" and "normal" groups. When the symbol lies above the horizontal line, the mean maternal index for that neonatal morbidity group lies towards the diabetic end of the spectrum, and when the entire error bar lies above the line, the mean is significantly different from that of cases not in that particular morbidity group (see text for detailed explanation). The numbers of cases in the various groups are given in Table 2 . consistent changes in the pattern of association emerged. However, when the study population was subdivided by gestational age at delivery, it became evident that the relationships between maternal glucose metabolism and certain forms of neonatal morbidity, particularly asphyxia and the need for admission to the special care baby unit, were enhanced at gestations in excess of 41 completed weeks (287 days) (Fig. 4) . The numbers of cases in the various groups illustrated in Figures 2 and 4 are shown in Table 2 . Details of cases where the infant died or suffered major handicap are shown in Table 3 .
The distributions in the study population of the indices of maternal carbohydrate metabolism are shown in Figure 5 . The interrelationships between these variables, and their relationships with maternal height, mid-pregnancy weight, age, social class, parity and gestation at the time of testing are presented as Pearson correlation coefficients in Tables 4 and 5 .
Discussion
Distribution of indices of maternal glucose metabolism
The study population resembled the total hospital population in the variables examined; the results can therefore be used as standards for pregnant Caucasian women.
Parity had no apparent influence on maternal glucose disposal (II and AI) ( Table 5 ), but the indices of maternal glucose metabolism did tend to deteriorate Fig.4 . Effects of gestational age at delivery on 95% confidence intervals (see legend for Fig.2 and text for detailed explanation). The numbers of cases in the various groups are given in Table 2 . 9 Gestation <41 weeks, 9 Gestation >4t weeks with advancing maternal age. These relationships persisted when partial correlation coefficients were examined and are in keeping with existing knowledge [6, 20, 211.
Whereas O'Sullivan and his coworkers [20, 21] reported that fasting blood glucose and the individual glucose values of the oral glucose tolerance test were distributed symmetrically, in the present series the distributions of FPG, AI and II were appreciably skewed (Fig. 5) ; centiles are therefore more appropriate in defining a "normal" range than are mean and standard deviation, and Student's t-tests and confidence intervals involving these indices have been calculated using their natural logarithms which produce more normal distributions. Solomons et al. [5] stated that 2.5% of AI results in the third trimester of pregnancy should lie below 1.13; Billis and Rastogi [3] quoted a similar value of 1.17. These figures differ substantially from the 2.5th centile value for AI obtained in the present study (1.41), reflecting the application by the previous authors of parametric statistics to the log transformed AI rather than the use of observed centile values.
With the exception of insulin response, the indices of maternal glucose metabolism were distributed unimodally (Fig. 5) , with no evidence of a discrete "pathological" group towards the diabetic end of the distributions. In this respect the distributions are similar to disappearance rate is calculated (II), or the absolute glucose value is used (AI), because neither of these approaches produces a true exponential decay. Despite differences in how the two indices (AI and II) related to fetal nutrition (Table l) and morbidity (Fig.2) , we have no reason to suggest that one index reflects maternal glucose disposal more accurately than the other. Summed glucose, which approximates the area under the glucose disappearance curve, correlated with both the FPG and the indices of glucose disappearance, and correlated well with neonatal morbidity (Figs.2-4) . This index offers advantages to the clinician in giving equal weight to each point on the disappearance slope, in ease of calculation and in the absence of the bias in interpretation which is inherent in drawing "best-fit" lines for the calculation of II and AI. The poor correlations between maternal FPG, insulin response and indices of glucose disposal suggest that it is inappropriate to screen for glucose intolerance during pregnancy using the FPG or the insulin response to injected glucose. those previously reported for the oral glucose tolerance test [20, 21] .
Relationships between maternal indices and neonatal nutrition
Relationships between indices of maternal glucose metabolism
From a purely mathematical point of view, it makes little difference in interpreting the intravenous glucose tolerance test whether the FPG is subtracted before the Glucose intolerance during pregnancy leads to increased birthweight relative to gestation [1] , and even in nondiabetic mothers delayed glucose disposal is associated with an increased incidence of neonatal macrosomia [2] . In this study, variations in maternal glucose tolerance within the normal range played a weak but highly significant role in the determination of longitudinal size and adiposity in the newborn infant ( Table 1 ). The strongest of these associations, that between AI and corrected birthweight, is shown graphically in Figure 1 . It can be seen from Table 1 that whereas diminished maternal glucose disposal, particularly AI, correlated strongly with all the neonatal measurements, FPG in contrast correlated strongly with skinfold thickness but much less strongly with the other neonatal measurements. The relatively poor correlations already noted between FPG and the indices of maternal glucose disposal (particularly II which is calculated independently of FPG) suggest that FPG in nondiabetic pregnant women is controlled by mechanisms which differ from those controlling glucose disposal. Variations in maternal FPG and glucose disposal also appear to have different effects on fetal growth and development. It is therefore speculated that the fetus exposed to the prolonged stimulus of a relatively high maternal FPG maintains glucose homeostasis by diverting glucose to lipogenesis to a greater extent than does the fetus exposed to the more variable hyperglycaemia likely to result from maternal glucose intolerance who appears to maintain euglycaemia by diverting glucose to a wider variety of growth-promoting anabolic processes.
Relationships between maternal indices and neonatal morbidity
Glucose intolerance during pregnancy is associated with an increased incidence of congenital malformations and other neonatal morbidity [1] . In the present study AI, II and summed glucose were significantly associated with morbidity, and the patterns of morbidity were similar in each instance (see Figs. 2 and 3 ).
Asphyxia and asphyxia-related morbidity. In addition to those infants who fulfilled our criteria for neonatal asphyxia, other diagnostic categories probably included a high proportion of asphyxiated infants. In particular, the maternal indices were significantly associated with the clinical suspicion of sepsis and not with bacteriologically proven sepsis. In defining "suspected sepsis" we included all babies who had been given antibiotics, and experience indicates that perinatal asphyxia, recognised or occult, plays a major part in determining the administration of antibiotics, reflecting the antibiotic policy of the neonatologists responsible for the clinical care of the infants, who were independent of the workers involved in this research and had no knowledge of the results of the maternal tests. Suspected perinatal asphyxia is similarly a major determinant of admission to the special care baby unit.
In the study population as a whole, the indices of maternal glucose metabolism did not influence significantly the incidence of asphyxia or asphyxia-related problems (Fig. 2) , but in infants who were post-term a clear relationship emerged between maternal glucose intolerance and asphyxia-related problems (Fig. 4) .
The incidence of perinatal asphyxia is known to be increased not only in the infants of Type 1 (insulin-dependent) diabetic mothers but also in the infants of mothers with gestational diabetes [22] , a phenomenon which may reflect the stimulant effect of increased substrate availability on fetal oxidative metabolism [231. The results of the present study suggest that changes in maternal glucose tolerance, insufficiently severe to justify a diagnosis of diabetes, may enhance the risk of perinatal asphyxia if pregnancy proceeds beyond term.
Other morbidity. In the 9 mothers whose offspring suffered fatal or serious morbidity or non-hereditary malformation (see Table 3 ), there was an unexpectedly high proportion of indices of glucose metabolism in the tenth centile towards the "diabetic" end of the normal range.
In Case 2 (trisomy 18), there was convincing evidence of poor glucose disposal with a poor insulin response and in Case 6 (trisomy 21) FPG was above the 95th centile. Although maternal glucose intolerance has not been described previously in association with trisomy 18 it has been associated with other chromosomal disorders [24] [25] [26] and the offspring of diabetic mice show an increased incidence of chromosomal abnormality [27] . In these two instances the occurrence of In Case 8, a mother with completely normal indices of glucose metabolism produced the only baby in the study population with severe clinical disturbance of carbohydrate metabolism, details of which have been reported elsewhere [28] .
Predictive value of FPG and maternal glucose tolerance
Although variations in maternal glucose metabolism within the normal range appeared to play a significant biological role in the determination of fetal size and in the pathogenesis of congenital abnormalities and neonatal morbidity (particularly morbidity related to perinatal asphyxia), there was no uniformity of abnormality within the extreme centiles; the degree of risk to the baby was graduated throughout the normal range of maternal glucose tolerance. We examined large numbers of computer-generated scatter diagrams showing relationships between indices of maternal glucose metabolism and neonatal morbidity; all resembled Figures 1 and 3 in that there was no single level of maternal glucose intolerance in the nondiabetic population beyond which fetal morbidity increased sharply, or below which enhanced fetal well-being was assured.
Similar results were obtained in the smaller series of Tallarigo et al. [2] in which there appeared to be a continuous increase in the incidence of neonatal macrosomia and of congenital malformation with diminishing maternal glucose tolerance. Thus, in common with the oral glucose tolerance test, the intravenous glucose tolerance test is "not suited to diagnose fetal disease or to exclude it with certainty" [29] in the individual case. Surprisingly, the maternal insulin response to the intravenous injection of glucose, which is known to be a sensitive indicator of diminishing pancreatic B-cell function in non-pregnant subjects [15] , correlated with the indices of neonatal nutrition and morbidity much less frequently than the other indices of maternal glucose tolerance (Figs.2 and 4) . Although insulin response correlated significantly with the other maternal biochemical indices (Table 4) , the magnitude of the correlations was such as to suggest that insulin output plays a relatively small part in determining glucose tolerance in non-diabetic pregnancy.
Practical implications
Our results indicate that variations within the normal range in maternal glucose tolerance measured at 32 weeks gestation correlate with the incidence of nonchromosomal and perhaps chromosomal congenital anomalies. It is reasonable to speculate that these associations would also have been present if maternal glucose tolerance had been measured at the time of germ-cell division or organogenesis, and that congeni-tal anomaly is a possible consequence of glucose tolerance towards the diabetic end of the normal spectrum. This speculation is supported by the observations of Widness et al. [1] and Tallarigo et al. [2] who found significant relationships between maternal glucose tolerance and the incidence of congenital malformations in the offspring of nondiabetic mothers, and of Fuhrmann et al. [30] who reported that extremely strict control of maternal diabetes, starting prior to conception, reduced the malformation rate in the offspring of diabetic mothers to less than that observed in a control nondiabetic population.
Thus, although the intravenous glucose tolerance test lacks predictive sensitivity in individual cases and cannot be used to identify a small pathological or highrisk group of mothers, we believe that our findings have practical implications; it can be deduced from Figure 3 that if glucose handling before conception were improved over the entire population, a change which might be effected by diet without recourse to drugs [31] , the total burden of congenital malformations might be reduced, and from Figure 4 that when maternal glucose disposal is known to be reduced, pregnancy should not be allowed to proceed beyond term because of the increased risk of perinatal asphyxia and its complications.
